Protein synthesis in eukaryotic organelles such as mitochondria and chloroplasts is widely believed to require a formylated initiator methionyl tRNA (fMet-tRNA fMet ) for initiation. Here we show that initiation of protein synthesis in yeast mitochondria can occur without formylation of the initiator methionyl-tRNA (MettRNA fMet ). The formylation reaction is catalyzed by methionyl-tRNA formyltransferase (MTF) located in mitochondria and uses N 10 -formyltetrahydrofolate (10-formyl-THF) as the formyl donor. We have studied yeast mutants carrying chromosomal disruptions of the genes encoding the mitochondrial C 1 -tetrahydrofolate (C 1 -THF) synthase (MIS1), necessary for synthesis of 10-formyl-THF, and the methionyl-tRNA formyltransferase (open reading frame YBL013W; designated FMT1). A direct analysis of mitochondrial tRNAs using gel electrophoresis systems that can separate fMet-tRNA fMet , Met-tRNA fMet , and tRNA fMet shows that there is no formylation in vivo of the mitochondrial initiator Met-tRNA in these strains. In contrast, the initiator Met-tRNA is formylated in the respective "wild-type" parental strains. In spite of the absence of fMettRNA fMet , the mutant strains exhibited normal mitochondrial protein synthesis and function, as evidenced by normal growth on nonfermentable carbon sources in rich media and normal frequencies of generation of petite colonies. The only growth phenotype observed was a longer lag time during growth on nonfermentable carbon sources in minimal media for the mis1 deletion strain but not for the fmt1 deletion strain.
Protein synthesis is initiated with methionine or formylmethionine in all organisms studied to date (23, 33) . Of the two species of methionine tRNAs found in all organisms, the initiator is used for initiation of protein synthesis whereas the elongator is used for insertion of methionine into internal peptide linkages. In eubacteria such as Escherichia coli, following aminoacylation of the initiator methionine tRNA (tRNA fMet ), the methionyl-tRNA (Met-tRNA fMet ) is formylated to formylmethionyl-tRNA (fMet-tRNA fMet ). As a consequence, protein synthesis in eubacteria is initiated with formylmethionine (29) . The discovery of fMet-tRNA in eukaryotic organelles such as chloroplasts and in the mitochondria of the yeast Saccharomyces cerevisiae, Neurospora crassa, rat liver, and HeLa cells suggested that protein synthesis in these organelles is also initiated with formylmethionine (13, 17, 19, 39, 44) . Early evidence for this came from the identification of formylmethionyl-puromycin in several eukaryotic mitochondria and chloroplasts treated with puromycin (5, 6, 14, 16, 28, 35) . These results, along with the identification of formylmethionine at the N terminus of several mitochondrially synthesized proteins in S. cerevisiae, N. crassa, and beef heart mitochondria, led to the widespread belief that protein synthesis in all mitochondria is initiated, as in eubacteria, with formylmethionine and that formylation of the initiator Met-tRNA in mitochondria is a prerequisite for its activity in initiation of protein synthesis (8, 40, 46, 50, 55) . The finding that the initiation factor IF2 from bovine mitochondria promotes the binding of fMet-tRNA fMet but not of Met-tRNA fMet to mitochondrial ribosomes provides further evidence for this notion (26) . However, none of these studies show a strict requirement for fMet-tRNA in vivo.
The formylation of initiator Met-tRNA is catalyzed by the enzyme methionyl-tRNA formyltransferase (MTF). This enzyme is highly specific for the initiator Met-tRNA species (25, 37) and has been found exclusively in the mitochondria of S. cerevisiae, N. crassa and HeLa cells but not in the cytoplasm (13, 17, 19) . Bovine mitochondrial MTF has been purified, and the cDNA encoding it has been cloned and sequenced (47) . The S. cerevisiae genome contains an open reading frame (ORF YBL03.11 in reference 43) that has 24 to 29% amino acid sequence identity to the eubacterial and bovine mitochondrial MTF. This ORF (Saccharomyces Genome Database YBL013W) encodes a protein of 393 amino acids, including a potential mitochondrial presequence and a highly conserved motif proposed to be the binding site for the N 10 -formyltetrahydrofolate (10-formyl-THF) substrate. We will refer to this ORF henceforth as the FMT1 gene, encoding the S. cerevisiae MTF.
The formyl group donor in the formylation reaction is 10-formyl-THF (11) . S. cerevisiae contains two C 1 -THF synthase enzymes for the synthesis of 10-formyl-THF, one in the mitochondria and the other in the cytoplasm, encoded by MIS1 and ADE3, respectively (see reference 1 for a review). Both the cytoplasmic and mitochondrial enzymes are trifunctional polypeptides with three enzyme activities: 10-formyl-THF synthetase, 5,10-methenyl-THF cyclohydrolase, and NADP-dependent 5,10-methylene-THF dehydrogenase. S. cerevisiae also expresses a monofunctional NAD-dependent 5,10-methylene-THF dehydrogenase in the cytoplasm, encoded by the MTD1 gene (57) . The ADE3 and MTD1 gene products are responsible for cytoplasmic one-carbon interconversions, whereas the MIS1 gene product is responsible for mitochondrial one-carbon interconversions (3, 58) .
Shannon and Rabinowitz (41) showed that disruption of the MIS1 gene had no dramatic effects on the growth of S. cerevisiae, suggesting that the MIS1 gene is dispensable in yeast. Also, disruption of the nuclear gene encoding the putative mitochondrial MTF had no effect on viability (43) , suggesting that the FMT1 gene is also dispensable in S. cerevisiae, although the growth conditions tested were not specified. These findings are rather surprising. If formylated Met-tRNA fMet is required for initiation of mitochondrial protein synthesis, loss of the enzyme that produces the formyl donor or loss of the enzyme that synthesizes fMet-tRNA would be expected to affect protein synthesis and, thereby, mitochondrial function. Mitochondrial protein synthesis is required for respiratory function in mitochondria, and mutation of genes encoding mitochondrial translation components invariably leads to a respiration-deficient (petite) phenotype (49) . Thus, the lack of a dramatic effect on cell growth or respiration upon disruption of the genes coding for these two enzymes would suggest that protein synthesis can be initiated in S. cerevisiae mitochondria without formylation of the initiator tRNA. There are, however, several other possible explanations that need to be ruled out: (i) transport of the cytoplasmically made 10-formyl-THF into mitochondria, (ii) alternate forms of MTF which do not use 10-formyl-THF as a formyl donor (analogous to the formatedependent glycinamide ribonucleotide transformylase [56] ), or (iii) alternate genes for mitochondrial MTF with no homology to MTFs identified thus far.
A knowledge of the state of the initiator tRNA in mitochondria, whether it is in the form of fMet-tRNA or Met-tRNA (52), would allow one to distinguish among the above possibilities. This paper reports on a direct analysis of the state of the initiator tRNA in S. cerevisiae mitochondria in strains carrying the MIS1 and FMT1 gene disruptions. We show that there is no formylation of the initiator Met-tRNA in strains carrying these gene disruptions. Also, these strains grow at nearly wild-type rates in rich medium and on nonfermentable carbon sources requiring full mitochondrial function. There are also no changes in the frequencies of generation of petite colonies, indicating that MIS1 and FMT1 gene disruptions have no effect on mitochondrial protein synthesis. Thus, formylation of the initiator Met-tRNA is not essential for mitochondrial protein synthesis and for mitochondrial function in S. cerevisiae.
MATERIALS AND METHODS
Strains, media, and plasmids. The S. cerevisiae strains used in this work are summarized in Table 1 . Strains 1001, 1049, and 1052 were obtained from B. Purnelle (Universite Catholique de Louvain, Louvain-la-Neuve, Belgium). DAY4⌬mis1 was constructed by disruption of the MIS1 gene in DAY4. A 400-bp fragment from the middle of the MIS1 ORF was replaced with a URA3 cassette from plasmid pJR-URA3 (34) . A 2-kbp fragment containing the mis1::URA3 disruption construct was used to transform strain DAY4, a haploid ura3 Ϫ yeast strain, selecting for uracil prototrophy. Yeast transformation was performed using the lithium acetate method (22) to obtain mis1::URA3-disrupted yeast. The URA3 cassette was subsequently evicted from the mis1 locus by using the pHM53-encoded site-specific recombinase (34) , resulting in a strain harboring a 400-bp deletion in the middle of the MIS1 locus. The disruption of the MIS1 and FMT1 ORFs was verified by PCR amplification of yeast genomic DNA. Yeast genomic DNA was isolated by the method of Sherman et al. (42) . PCR products were separated on a 0.8% agarose gel. A double-disruption strain was constructed by crossing strain 1049 carrying the fmt1 disruption with DAY4⌬mis1. Diploids were sporulated, tetrads were dissected, and a haploid spore clone was selected carrying both the fmt1 and mis1 disruptions. This strain was designated WHY2 (Table 1) . YEpKS17 contains the MIS1 ORF in the multicopy URA3 yeast vector YEp24 (41) . pVT101U is a multicopy URA3 yeast vector lacking an insert (54) .
Rich medium consisted of 1% yeast extract and 2% Bacto Peptone (Difco) with either 2% glucose (YPED) or 3% glycerol-2% ethanol (YPEG) as the carbon source. Synthetic minimal medium contained 0.7% yeast nitrogen base without amino acids (Difco) and supplemented with the following nutrients when appropriate (final concentration in milligrams per liter): serine, 375; leucine, 30; histidine, 20; tryptophan, 20; and uracil, 20. The synthetic minimal media were supplemented with either 2% glucose (YMD) or 3% glycerol-2% ethanol (YMEG) as the carbon source.
Preparation of yeast mitochondria. Mitochondria were isolated as described previously (9) . Briefly, yeast cells were grown aerobically in 1 liter of medium containing 3 g of yeast extract, 1 g of glucose, 22.5 ml of 85% (wt/vol) lactic acid, 1 g of KH 2 PO 4 , 1 g of NH 4 Cl, 0.5 g of NaCl, 0.6 g of MgSO 4 , and 0.3 ml of 1% (wt/vol) FeCl 3 . The final pH was adjusted to 5.5 with NaOH. Cells were harvested at mid-log phase and converted to spheroplasts using lyticase (Sigma, St. Louis, Mo.) in 1.2 M sorbitol-20 mM KH 2 PO 4 (pH 7.4). Spheroplasts were resuspended in SEM [250 mM sucrose, 1 mM EDTA, 10 mM 3-(N-morpholino) propanesulfonic acid, (pH 7.2)] containing 0.2% (wt/vol) bovine serum albumin and 1 mM phenylmethylsulfonyl fluoride and homogenized using a tight-fitting Teflon homogenizer. Cell debris was pelleted by centrifugation at 1,900 ϫ g. Mitochondria were pelleted at 12,000 ϫ g for 10 min and washed three times by resuspension in 1 ml of SEM and centrifugation at 12,000 ϫ g. An aliquot of the washed mitochondria before the final centrifugation was spread onto yeast extract-tryptone plates to check for bacterial contamination. All preparations contained less than 25 CFU/l (1 l represents the extract from ϳ10 8 yeast cells). Mitochondrial pellets were stored at Ϫ70°C.
Isolation of RNA from yeast mitochondria. The yeast mitochondrial RNA was isolated using TRI reagent (Molecular Research Center, Inc., Cincinnati, Ohio). The mitochondrial pellet (ϳ100 l in volume) was suspended in TRI reagent (1 ml) and left at room temperature for 5 min. Chloroform (0.2 ml) was added to the suspension, and the mixture was vortexed three times for 15 s each, left for 15 min at room temperature, and centrifuged at 4°C for 30 min. The clear aqueous phase was transferred to a new tube, and isopropanol (0.7 vol) was added. The mixture was left at room temperature for 10 min, and total RNA was collected by centrifugation at 4°C for 15 min. The RNA pellet was washed with 75% ethanol (1 ml), air dried for 5 to 10 min, and dissolved in 10 to 15 l of 10 mM sodium acetate (pH 4.5). The yield of total mitochondrial RNA from 1 liter of culture was ϳ0.5 A 260 unit.
Electrophoresis of tRNAs on acid-urea polyacrylamide gels and Northern blot analysis. The various forms of tRNAs were separated and detected as described previously (52) , except that 0.16 A 260 unit of mitochondrial RNA was applied to the 6.5% polyacrylamide gel. The mitochondrial tRNAs migrate slower on the gel than the corresponding Escherichia coli tRNAs. Therefore, the nucleic acids in an 11-cm segment of gel, starting with the xylene cyanol dye and going toward the bromphenol blue dye, were transferred by electroblotting to Nytran Plus membrane (Schleicher & Schuell, Keene, N.H.) in 1ϫ TAE (50ϫ TAE is 242 g of Tris base, 57.1 ml of glacial acetic acid, and 100 mM EDTA [pH 8.0]) at 40 V for 2 h. The tRNAs in the membrane were detected by hybridization with sequence-specific oligonucleotide probes. Prehybridization and hybridization were carried out for 4 and 16 h, respectively, in 4ϫ SET (20ϫ SET contains 87 g of NaCl, 46.5 g of Tris base, and 40 ml EDTA in 500 ml) containing 100 g of salmon sperm DNA per ml, 1% sodium dodecyl sulfate, and 10ϫ Denhardt's solution. The oligonucleotide 5ЈTAGCAATAATACGATTTG3Ј, which is complementary to nucleotides 56 to 73 of the S. cerevisiae mitochondrial tRNA fMet , was used to detect the mitochondrial tRNA fMet . Deacylation of aminoacyl-tRNAs. Aminoacyl-tRNA was deacylated in 0.1 M Tris-HCl (pH 9.4) at 37°C for 1 h. Alternatively, the aminoacyl-tRNA was incubated with 10 mM CuSO 4 in 0.1 M Tris-HCl (pH 8.0) at room temperature for 15 min. Copper sulfate treatment hydrolyzes aminoacyl-tRNAs but not formylaminoacyl-tRNAs (38) .
Rates of chemical deacylation of Tyr-tRNA Tyr and Met-tRNA
Met
. Total E. coli tRNA (0.5 A 260 unit) was aminoacylated at 37°C for 30 min in 20 mM imidazole (pH 7.5)-150 mM NH 4 Cl-10 mM MgCl 2 -0.1 mM EDTA-10 g of bovine serum albumin per ml-2 mM ATP, with either methionine (100 M) plus a saturating amount of purified E. coli Met-tRNA synthetase or tyrosine (25 M) plus a saturating amount of purified E. coli Tyr-tRNA synthetase. The tRNAs were quantitatively aminoacylated under these conditions. The aminoacyl-tRNAs were isolated by phenol-chloroform extraction followed by ethanol precipitation (52) . For measurement of rates of deacylation, the aminoacyl-tRNAs were incubated with 0.1 M Tris-HCl (pH 9.4) at 37°C and aliquots were taken out at various times and frozen. At the end of the incubation period, the samples were thawed and loaded onto a 6.5% acid-urea gel for separation of tRNA and aminoacyl-tRNA (12) . The tRNAs in the gel were transferred to Nytran Plus membrane and detected by hybridization with oligonucleotides complementary to either nucleotides 10 to 25 of E. coli tRNA Tyr or nucleotides 40 to 56 of E. coli tRNA fMet . The amount of radioactivity in the tRNA bands was determined by quantification using a Molecular Dynamics PhosphorImager. 
RESULTS
S. cerevisiae strains carrying disruptions in the MIS1 and FMT1 genes. The MIS1 gene was disrupted as described in Materials and Methods in the haploid strain DAY4 to yield DAY4⌬mis1. Haploid yeast strain 1052 harboring a disruption of the putative MTF ORF (FMT1; YBL013W) was obtained from B. Purnelle. The genotypes of these mutants and the parent strains are summarized in Table 1 . The disruptions were verified by PCR analysis of genomic DNA isolated from each strain. Disruption of MIS1 gave the expected 400-bp difference when genomic DNA from DAY4 and DAY4⌬mis1 was amplified with primers 1 and 2 (Fig. 1, compare lanes 2 and 3) . Disruption of FMT1 gave the expected 1,100-bp difference when genomic DNA from 1001 (wild type) and 1052 (disruptant) was amplified with primers 3 and 4 (compare lanes 4 and 5).
Lack of formylation in vivo of the mitochondrial initiator Met-tRNA in strains disrupted at the MIS1 or FMT1 locus. tRNA was isolated under acidic conditions from mitochondria obtained from the four strains. The cells were grown in medium containing lactate as a nonfermentable carbon source. Since yeast must actively respire to grow well in this medium, it gives a good yield of intact, functional mitochondria (59). Acid-urea gel electrophoresis (52) was used to resolve the mitochondrially encoded tRNA fMet into three forms: uncharged tRNA fMet , Met-tRNA fMet , and fMet-tRNA fMet . A labeled oligonucleotide complementary to nucleotides 56 to 73 of the tRNA fMet was used to probe a Northern blot of the gel. Figure 2 shows a typical Northern blot analysis of total yeast mitochondrial tRNA from the wild-type strain (lanes 2, 4, 6, and 8), the fmt1-disrupted strain (lanes 3 and 5), and the mis1-disrupted strain (lanes 7 and 9). Lanes 1 and 10 contain deacylated tRNA fMet as markers. Uncharged tRNA fMet (bottom band) was present in all strains, whereas formylated MettRNA fMet (middle band) was detectable only in the wild-type strains (1001 and DAY4). The mutant strains contained instead small amounts of charged but unformylated MettRNA fMet (top band, lanes 3 and 7). Treatment of tRNA with copper sulfate prior to electrophoresis resulted in the disappearance of the aminoacyl-tRNA band but not the formylaminoacyl-tRNA band, confirming the identity of the upper bands seen in the mutant strains as unformylated Met-tRNA fMet (compare lane 3 to lane 5 and lane 7 to lane 9). These data show that there is no formylation of Met-tRNA fMet in mitochondria from either the fmt1-disrupted or mis1-disrupted strains and provide further support for the identification of ORF YBL013W as the yeast methionyl-tRNA formyltransferase gene.
A somewhat surprising result is the limited amount of aminoacylated mitochondrial Met-tRNA fMet (Fig. 2, lanes 3 and 7) found in strains carrying the fmt1 or the mis1 disruptions. This is unlike the situation in E. coli, where a block in formylation of the initiator tRNA fMet leads to an essentially quantitative accumulation of the tRNA as Met-tRNA fMet (24, 53) . The ester linkage between the methionine and the tRNA is known to be more labile than that between formylmethionine and tRNA (38) . Therefore, one possible explanation for the above result is that methionine is cleaved off the Met-tRNA fMet during the prolonged workup (6 h or longer) necessary for the isolation of yeast mitochondria prior to isolation of the mitochondrial RNA. To test this possibility, we probed another blot of the mitochondrial RNA preparation with an oligonucleotide complementary to yeast mitochondrial tRNA Tyr . The results (Fig. 3) show that while this tRNA is present mostly in the aminoacylated form as Tyr-tRNA Tyr , in this case also there is a substantial amount of uncharged tRNA Tyr . The difference between the extent of accumulation of MettRNA fMet ( Fig. 2) and Tyr-tRNA Tyr (Fig. 3) in the mitochondria of strains carrying the fmt1 and mis1 disruptions is probably due to the different stabilities of ester linkage between methionine and tRNA fMet versus tyrosine and tRNA Tyr . To investigate this possibility, we prepared E. coli Tyr-tRNA Tyr and Met-tRNA fMet and monitored the rates of base-catalyzed deacylation of these aminoacyl-tRNAs in 0.1 M Tris-HCl (pH 9.4) at 37°C (for details, see Materials and Methods). Radioactivity in the tRNA and aminoacyl-tRNA bands was quantified using a PhosphorImager. A plot of the percentage of residual aminoacyl-tRNA versus time (Fig. 4) showed that the ester linkage between tyrosine and tRNA Tyr is more stable (half-life of 15 min) than the ester linkage between methionine and tRNA fMet (half-life of 10 min). Growth rate of strains carrying the MIS1 and FMT1 gene disruptions. The complete absence of fMet-tRNA fMet in strains carrying the disruptions led us to investigate more closely whether these strains had any growth defects. A classic diagnostic test of mitochondrial function in yeast is to grow cells on nonfermentable carbon sources such as lactate or glycerol plus ethanol. Cells with defective mitochondria will grow poorly or not at all under these conditions (59) . The growth rates of the wild type and the single and double disruptants were determined in both rich and minimal media using 3% glycerol plus 2% ethanol as the nonfermentable carbon source. The mutant strains grew at nearly the same rates as the corresponding wild-type strains in rich medium (YPEG) ( Table 2 ). When the strains were grown in a synthetic minimal medium on the glycerol-ethanol carbon source (YMEG), the mis1-disrupted strain (DAY4⌬mis1) had a significantly longer lag time, although after about 80 h it achieved a growth rate approaching that of its wild-type parent, DAY4 (9.1-and 6.4-h doubling times, respectively [ Fig. 5 and Table  2] ). The fmt1-disrupted strain (strain 1052) grew similarly to its wild-type parent (strain 1001) (8.3-and 6.4-h doubling times, respectively). To confirm that the longer lag observed for DAY4⌬mis1 on YMEG was due to loss of mitochondrial C 1 -THF synthetase, a plasmid carrying the wild-type MIS1 gene (YEpKS17) was introduced into the mutant strain. This plasmid also carries the URA3 gene, complementing the ura3-52 mutation in DAY4⌬mis1. As a control, DAY4⌬mis1 was transformed with another URA3 plasmid (pVT101U) that lacks the MIS1 gene. The plasmid-borne MIS1 gene completely rescued the long lag of DAY4⌬mis1, whereas pVT101U had no effect on lag time (data not shown). One explanation for the lag observed in DAY4⌬mis1 is that the mutation does limit growth on nonfermentable carbon sources and the eventual attain- . Total charged tRNA isolated as described in Materials and Methods was incubated for the time indicated, mixed with an equal volume of acid-urea sample loading dye, and placed on dry ice. When the time course measurement was finished, the samples were thawed and loaded onto a 6.5% acid-urea gel. The tRNAs were detected using 5Ј-32 P-labeled oligonucleotides complementary to either E. coli tRNA Tyr or E. coli tRNA fMet . The amount of radioactivity in the tRNA and aminoacyl-tRNA bands was quantitated using a PhosphorImager and used to calculate the percent residual aminoacyl-tRNA. ment of a normal growth rate is due to the appearance of cells harboring a second mutation that suppresses the growth defect of the mis1 disruption. This possibility was tested by harvesting cells from the DAY4⌬mis1 culture at the end of the experiment in Fig. 5 , and repeating the growth curve determination with cells grown in fresh YMEG. The same lag was observed (data not shown), ruling out the selection of a revertant or a second-site mutation. Thus, it seems likely that the pronounced lag time in growth seen with the mis1-disrupted strain is more a reflection of a nutritional limitation than an effect on initiation of protein synthesis. The mis1 fmt1 double-disruption strain (WHY2) also grew at nearly wild-type rates on glycerol plus ethanol on both rich (5-h doubling time) and minimal (8-h doubling time) media. Interestingly, on YMEG, WHY2 did not exhibit the long lag phase observed for DAY4⌬mis1 and reached stationary phase at a lower cell density than did either of the single disruptants (Fig. 5) . Disruption of the FMT1 gene in the ⌬mis1 background apparently suppressed the effect of the mis1 disruption, but the mechanism of suppression is not known. In any event, the double disruptant was able to grow on nonfermentable carbon sources.
These growth results confirm and extend earlier reports. Shannon and Rabinowitz (41) reported that disruption of MIS1 had no effect on growth on fermentable (glucose) or nonfermentable (glycerol) carbon sources. However, those experiments used only rich media; synthetic minimal medium was not tested. Skala et al. (43) did not describe the conditions under which they examined the fmt1 disruptants; they reported only that the disruptants were viable.
Frequency of generation of petite colonies in strains carrying disruptions in the MIS1 and the FMT1 gene. One of the hallmarks of S. cerevisiae mutants impaired in mitochondrial protein synthesis is extreme instability of the mitochondrial DNA, giving rise to cytoplasmic petite derivatives at frequencies approaching 100% (30) . These petite derivatives represent 0 (no mitochondrial DNA) or Ϫ (partially deleted mitochondrial DNA) mutants. We used two different assays to test whether disruption of the FMT1 or MIS1 genes increased the frequency of petite derivatives. Respiration-competent cells can be distinguished from respiration-incompetent cells on plates containing ethanol plus glycerol supplemented with 0.1% glucose. Cells that cannot respire yielded small (petite) colonies on these plates, whereas respiration-competent yeasts gave normal-size colonies. Table 3 shows that although the two parental strains (DAY4 and 1001) have different inherent frequencies of petite derivatives, neither disruption increases that frequency. A second assay relies on the ability of actively respiring yeast to reduce a tetrazolium salt to a colored precipitate (32) . Colonies grown on rich plates are overlaid with agar containing 0.1% 2,3,5-triphenyltetrazolium chloride. Within 3 h, respiration-competent colonies will be deep red whereas respirationincompetent colonies will remain white. This assay gave slightly higher overall frequencies of petite derivatives, but again, no significant differences between the mutants and their wild type parents were observed (Table 3) . These results further confirm that neither disruption significantly impaired mitochondrial protein synthesis.
DISCUSSION
We have shown that protein synthesis in yeast mitochondria can be initiated without formylation of the initiator MettRNA fMet . This conclusion is based on the finding that in cells carrying disruptions in the MIS1 or FMT1 gene, there is no formylation in vivo of the initiator Met-tRNA fMet . However, cells carrying these gene disruptions grow quite well on nonfermentable carbon sources requiring mitochondrial protein synthesis and function.
The MIS1-encoded C 1 -THF synthase is just one of three isozymes in S. cerevisiae capable of producing 10-formyl-THF. A mis1-disrupted strain such as DAY4⌬mis1 is still capable of synthesizing 10-formyl-THF in the cytoplasm via the enzymes encoded by the ADE3 and MTD1 genes. The absence of any fMet-tRNA fMet in the mitochondria of the mis1-disruptant indicates that cytoplasmic 10-formyl-THF does not enter the mitochondria to any significant extent. Similarly, disruption of the FMT1 gene resulted in a total lack of formylation of the Met-tRNA fMet in vivo. Besides providing strong support to the assumption that the S. cerevisiae YBL013W ORF codes for the mitochondrial methionyl-tRNA formyltransferase, this result also rules out the possibility of the existence of any redundant and/or alternate forms of MTF for formylation of the initiator Met-tRNA fMet . The fmt gene encoding methionyl-tRNA formyltransferase has also been disrupted in eubacteria such as E. coli and Pseudomonas aeruginosa. In E. coli, this mutation causes a severe growth defect but the cells remain viable (18) . In P. aeruginosa, the disruption causes a less severe but still significant effect on the rate of cell growth, a 3-fold increase in doubling time for P. aeruginosa compared to a 10-fold increase for E. coli (31) . In contrast, the growth rate of the fmt1-disrupted yeast strain is essentially the same as that of the parental wild-type strain in both rich and minimal media containing glycerol and ethanol as the nonfermentable carbon sources. Furthermore, there was essentially no difference between the parental and fmt1-disrupted strain in the frequency of formation of petite colonies. These results suggest that the overall rates of protein synthesis in yeast mitochondria are not very different when initiated with fMet-tRNA fMet versus MettRNA fMet . How is mitochondrial protein synthesis initiated in yeast lacking fMet-tRNA fMet ? Genetic studies with eubacteria may provide some clues. Strains of Streptococcus faecalis and mutant strains of E. coli are known that can grow in media free of folic acid and its coenzymes, initiating protein synthesis with unformylated Met-tRNA fMet (4, 36) . These strains contain a tRNA fMet that is lacking in one of the base modifications, with uridine instead of ribothymidine (T) found in loop IV (also called the T loop) of all tRNAs (10) . The absence of T in tRNAs from S. faecalis grown in folate-free medium occurs because the source of the methyl group for the enzymatic methylation of U to T in tRNA is 5,10-methylene-THF in S. faecalis, Bacillus subtilis, and presumably other gram-positive eubacteria (45) . In contrast, in E. coli, as in many other organisms studied to date, the methyl group donor for this reaction is S-adenosylmethionine. The mutant E. coli strain that can grow in the absence of folate is also partially lacking in T, but this is due to reduced activity of the tRNA uracil 5-methylase in the mutant strain (4). Preliminary results indicated that this mutant strain also overproduces initiation factor IF2 by about It is unlikely that a similar "undermodification" of U to T in yeast mitochondrial initiator tRNA is responsible for initiation with Met-tRNA fMet . While N. crassa mitochondrial initiator tRNA normally contains U in place of T in loop IV (20) , the S. cerevisiae mitochondrial initiator tRNA is known to contain T (45) . S. cerevisiae has a single gene (TRM2) for tRNA uracil-5 methylase, which encodes both the cytoplasmic and mitochondrial forms of the enzyme (21) . However, this enzyme is known to use S-adenosylmethionine for methylation of U to T (21). Therefore, both the mitochondrial mis1-and fmt1-disrupted strains of S. cerevisiae would be expected to contain a full complement of the base modifications in their tRNAs, including the T in loop IV.
It is possible that disruption of MIS1 or FMT1 genes results in overproduction of the yeast mitochondrial IF2 (IF-2 mt ) and that this compensates for the lack of formylation of the initiator Met-tRNA fMet (4) . This would mean that the yeast IF-2 mt is capable of interacting with unformylated Met-tRNA fMet in vivo. Yeast IF-2 mt has not been identified biochemically; however, the IFM1 gene (51) encodes a protein with significant homology to the human IF-2 mt (27) and disruption of the IFM1 gene causes a defect in mitochondrial protein synthesis, resulting in the petite phenotype (51), suggesting that the IFM1 gene product is important for mitochondrial protein synthesis. In contrast to yeast IF-2 mt , bovine IF-2 mt has been purified and shown to promote the binding of fMet-tRNA to mitochondrial ribosomes in a GTP-and AUG-dependent manner (26) . Bovine IF-2 mt is reported to be inactive with unformylated MettRNA fMet in vitro (26) . Protein synthesis is initiated with formylmethionine in the mitochondria of a wide range of organisms from fungi to mammals. The finding that protein synthesis in S. cerevisiae can be initiated with methionine using an unformylated MettRNA fMet and without any significant effect on the overall growth rate in nonfermentable media requiring mitochondrial protein synthesis suggests that at least in S. cerevisiae, the role of formylation of the initiator Met-tRNA fMet is quite subtle. Given the strong conservation of initiator Met-tRNA formylation in mitochondria from such a wide range of organisms, it is likely that formylation of the mitochondrial initiator MettRNA provides at least an incremental advantage to the cell. The retention of initiator tRNA formylation in mitochondria of S. cerevisiae would thus be an example of what has been called "the ruthless delicacy of the selection" (48) , which ensures the strict conservation, across a wide phylogenetic spectrum, of a feature that provides even the slightest advantage to the organism.
Finally, our finding that S. cerevisiae can grow quite well without formylation of the mitochondrial initiator Met-tRNA raises the question whether other eukaryotic cells will behave similarly. The yeast S. cerevisiae is, in many respects, an exception among eukaryotes in terms of mitochondrial function. First, S. cerevisiae, unlike most other eukaryotes, is a facultative anaerobe and can grow without mitochondrial function. Second, S. cerevisiae mitochondrial DNA encodes fewer species of mitochondrial membrane proteins than in other eukaryotes (15) . For example, it does not encode any of the components of the multisubunit enzyme NADH-ubiquinone oxidoreductase (NADH dehydrogenase [ND] ) whereas N. crassa and animal cell mitochondrial DNAs encode at least six or seven of the ND subunits (2, 7). In bovine heart mitochondria, besides cytochrome oxidase subunits I and II and the mitochondrially made subunits of ATPase (8, 46, 55) , all of the mitochondrially made ND subunits are thought to retain the formylmethionine residue at the N terminus (J. E. Walker, personal communication). Therefore, formylation of the initiator Met-tRNA could well be important in beef heart mitochondria, although the retention of formylmethionine could also be simply due to the lack of a peptide deformylase activity in mitochondria. It would clearly be interesting to study whether formylation of the mitochondrial initiator Met-tRNA is more important in the mitochondria of Neurospora and animal cells than in S. cerevisiae.
